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engine optimisation in the high load region is challenging due to the permissible cylinder pressure 27 constraint.
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Highlights
32
 A large marine two-stroke DF engine of premixed combustion was modelled  The engine steady state performance/emissions were thoroughly investigated  A parametric investigation was conducted for optimising the engine DF operation  Potential simultaneous reduction CO2 and NOx emissions is possible  Optimisation at high loads is challenging due to firing pressure restrictions adopt stricter limits and will include additional pollutants (CO and PM). In this respect, Liquefied Natural 39 Gas (LNG) that is considered a clean fuel compared to the conventional liquid fossil fuels, has been 40 attracting the interest of the maritime industry as its use leads to the reduction of the greenhouse and non-41 greenhouse gaseous emissions [1] . With the fuel sulphur global limit of 0.5% (on mass basis) coming 42 into effect on 1st January 2020 [2], the LNG fuel seems to be a viable solution for vessels sailing both 43 inside and outside Sulphur Emission Control Areas (SECAs). At the same time the continuous rapid 44 expansion of the global LNG infrastructure along with the lower LNG fuel price levels, is advantageous 45 and renders LNG as an attractive green fuel alternative [3] . To address this and considering that marine 46 two-stroke engines are the most commonly used solution for large merchant ships [4, 5] , the marine engine 47 manufacturers have developed dual fuel (DF) versions of their engines which can operate either in diesel 48 or dual fuel mode. 49 Two different pathways have been followed by the major two-stroke engine manufacturers. These 50 include: a) the high-pressure direct injection of natural gas within the engine cylinders leading to the 51 diffusive gas fuel combustion concept [6] and, b) the low-pressure injection of the natural gas during the 52 compression process resulting in a premixed combustion process [7, 8] . Compared to each other, the 53 former requires the use of exhaust gas after-treatment systems in order to fully comply with the 54 environmental regulations for NOx emissions, whilst the low-pressure lean burn technology is sensitive 55 to problems such as knocking and methane slip [9] . In both cases, the computational investigation of the 56 engine operation in both modes is expected to provide insights for the engine characteristics, performance 57 and emissions as well as the turbocharger (TC) matching, which has to accommodate the two different 58 modes of operation. 59 Various modelling approaches have been extensively used for analysing the marine engines and ship 60 propulsion systems. Generally, and depending on the type of application, the most common ones include: 61 the cycle mean value engine models (MVEM), the zero-or one-dimensional models (0D/1D) and the 62 three-dimensional models (3D). Each of these approaches vary in terms of complexity, computational 63 time, expected accuracy, input data requirements and capabilities. Previous investigations using MVEMs 64 for marine engines are reported in [10] [11] [12] . Various versions of combined zero/one-dimensional, and 65 mean value/zero-dimensional engine models have been extensively used to investigate the performance 66 and emission characteristics of marine engines as reported in [13] [14] [15] [16] [17] [18] . Such approaches are usually 67 preferred due to their trade-off between the needed model complexity, required input and computational 68 time. The one-dimensional models are mainly used to represent the flow inside intake and exhaust pipes, 69 pipe junctions and manifolds [19, 20] . Three-dimensional (3D) computational fluid dynamics (CFD) 70 modelling is also a more detailed method for simulating the engine operation typically used for the have developed a two-stroke engine model using a modular zero-dimensional simulation tool. 85 Raptotasios et al.
[28] applied a phenomenological multi-zone combustion model on a marine two-stroke 86 diesel engine with the aim of predicting the exhaust gas recirculation (EGR) effect on NOx emissions 87 and engine performance and investigating the in-cylinder combustion and NOx formation mechanisms. 88 Wang et al. [29] , developed a 0D/1D model of a marine two-stroke diesel engine in the GT-Power software and examined the effect of exhaust gas recirculation (EGR) combined with cylinder bypass (CB) 90 and exhaust gas bypass (EGB) on NOx emissions. Cordtz initial and boundary conditions, and subsequently these conditions were used for the 3D CFD model. 123 Sixel et al. [44] developed a 0D/1D model for a four-stroke gas-diesel engine using the GT-Power In a recent publication, Ott et al. [47] described the technology development of the premixed 134 combustion large marine engines and provided experimental data from the engines type approval tests. 135 Notwithstanding the above, apart from a preliminary study of the authors [48] , studies for marine two- 
Engine Model Set-up and Calibration
168
The GT-Power software [52] , which is a renowned 0D/1D simulation program for engine modelling 169 and analysis, was employed for the engine simulation. To set up the engine model, various components 170 and reference objects were selected from the software library and interconnected by using available 171 connectors, so that the engine layout is represented in an adequate level.
172
The modelling process was initiated by setting up and validating one single cylinder block in diesel 173 mode and subsequently modifying it to cover the dual fuel mode by adding an additional gas injector 174 and pilot fuel injector. The model was then extended to cover the entire engine layout as presented in provided directly by the manufacturer. In specific, the data required for the modelling process included 186 the engine geometry, the scavenging ports and exhaust valve profiles, the fuels injection timing, the 187 heat release rate for each engine load, the compressor and turbine performance maps, the air cooler respectively, as reported in [58] . In this respect, the fuel burning rate for the DF mode is calculated The amount of each fuel (diesel and natural gas) injected per cycle was calculated by considering each 216 fuel specific energy consumption and lower heating value, respectively. The injection delay was 217 estimated for the diesel mode according to the Sitkei equation as described in [59] , whereas the ignition 218 delay for the DF mode was approximated by using the equations and data reported in [44, 60] . 219 The scavenging process was modelled in GT-Power by using a two-zone model [52, 61] , the setting 220 up of which requires as input the relationship between the in-cylinder gas residual ratio and the residual 221 ratio of the exhaust gas exiting the cylinder. The former is the ratio of the burned gas mass in the cylinder 222 to the total mass in the cylinder, whereas the latter corresponds to the ratio of the burned gas mass 223 exiting the cylinder to the total mass exiting the cylinder. As no data was available for approximating 224 this relationship, an existing in-house simulation tool developed in the MATLAB/Simulink To predict the nitrogen oxides (NOx) emissions, the extended Zeldovich mechanism [52] was used 241 and calibrated at 75% load, according to which the nitrogen monoxide (NO) concentration is calculated 242 by using the following equation:
The NO concentration is assumed to approximate the NOx concentration as the former is considered 245 the predominant nitrogen oxide produced inside the engine cylinder. As the thermal NOx formation 246 takes place in the burned zone, the burned zone temperature was used as input in the NOx model. The former takes into consideration the pressure-temperature history in the combustion chamber, 255 whereas the latter represents a quotient of the combustion progress between the start of knocking and 256 the entire combustion duration whilst it accounts for the combustion chamber space, which depends on 257 different quantities (e.g. change motion level, combustion chamber space etc.). To obtain IK and K, the 258 following parameters need to be considered: a) a set of reference parameters including the crank angles 259 at 75% and 50% of the burned fuel mass fraction, the air-fuel ratio and a reference K-value (that are Knocking occurs when the following inequality holds:
. However, IK and K have a dispersion 267 range of 15% and 5%, respectively. In this respect, the knocking probability is calculated according to timing, which would lead to an operating point lying on the knocking boundary.
278
The validation of the knocking model predictive capabilities was performed for all the investigated 279 engine loads in the DF mode and was based on the fact that the examined engine does not face knocking 280 problems at any operating condition, as indicated by the engine manufacturer [50] . Subsequently, the calibrated model was used to characterise combustion by using the calculated knocking probability for 282 the investigated operating points during the parametric investigation process, where various 283 combinations of engine settings could increase the probability of knocking.
284
In the DF mode, the exhaust gas waste gate opening is controlled by using a proportional-integral (PI) 285 controller to adjust the combustion air to fuel equivalence ratio by regulating the scavenge air receiver Table 2.   310   311   Table 2 Predictions percentage error
From Table 2 , it can be inferred that the simulation results are of acceptable accuracy as the obtained 314 maximum error was around ±3.6%. The maximum deviation of the simulation results from the 315 measured data provided by the engine manufacturer was found at the exhaust gas temperature. 316 However, this parameter is challenging to be accurately measured in practice and thus such a deviation 317 was expected; even though it is still within the acceptable levels of adequate accuracy. Therefore, the 318 developed model can be considered a reliable tool for representing the engine steady state behaviour 319 and as a result, it can be used with fidelity for the subsequent engine parametric investigation.
320
A set of the derived simulation results including the engine performance parameters, the compressor 321 and turbine efficiencies, the NOx and CO2 emissions, the cylinder pressure and temperature diagrams 322 as well as the compressor operating points superimposed on the compressor map is shown in Fig. 3 . In The engine power output and the brake mean effective pressure (BMEP) were found to be similar in 327 both diesel and DF modes. In the DF mode, the indicated mean effective pressure (IMEP) increases slightly due to the obtained higher in-cylinder pressures caused by the advanced start of injection (and 329 consequently the earlier start of combustion as it can also be inferred from the cylinder pressure and 330 temperature diagrams). This setting for the pilot fuel injection was used in order to avoid knocking. As 331 a consequence, the friction mean effective pressure slightly increases, as it depends on the maximum 332 cylinder pressure. which along with the lower friction leads to an almost retained brake power in both modes of operation. 344 It must be noted that the respective diesel version of the investigated engine reaches a cylinder 345 maximum pressure similar to the one attained in the DF mode. In order for the investigated engine to 346 accommodate the combustion of the gas fuel (in the DF mode), the engine was derated to avoid 347 knocking issues (by using a lower compression ratio and by the opening of the exhaust gas waste gate 348 valve). In addition, in order for the engine to comply with the Tier II NOx emissions limit when 349 operating in the diesel mode, the start of injection is retarded resulting in a much lower cylinder 350 maximum pressure as shown in Fig. 3 (compared to the maximum pressure of both the DF mode and a 351 diesel engine of similar size). This implies that it is the DF mode which primarily defines the required 352 engine settings to render the stable engine operation, whilst the diesel mode engine settings are adjusted 353 to allow the compliance with the engine NOx emissions limits. 354 From Fig. 3 , it can be observed that the exhaust gas receiver temperature in the DF mode is greater 355 (than the respective parameter in the diesel mode) for loads up to 75%, whereas it is less for loads above 356 75%. This is attributed to the fact that the exhaust gas receiver temperature is affected by the in-cylinder 357 temperature at the exhaust valve opening (which depends on the combustion heat release rate and air-358 fuel ratio) and the exhaust gas mass flow rate (which depends on the turbocharger speed and waste gate 359 opening). In the DF mode, the waste gate opening increases as the engine load reduces to match the 360 targeted scavenge air receiver pressure, and as a result the air flow rate takes lower values than the ones 361 in the diesel mode.
362
From the preceding, it can be inferred that the turbocharger performance characteristics will differ as 363 the turbocharger speed, pressure ratio and flow rate are considerably reduced in the DF mode throughout the entire operating region due to the waste gate valve opening. In this respect, it can be observed that 365 both the turbine and the compressor efficiencies vary depending on the operating mode. For engine 366 loads in the range from 50% to 75% in both modes of operation, both the compressor and turbine 367 efficiencies are high enough but with slight variations as indicated in Fig. 3 . Additionally, in the engine 368 loads range from 75% to 100%, both the compressor and turbine efficiencies reduce in both modes of 369 operation. Attention has to be taken at the lowest and highest engine load regions. This is due to the fact 370 that in low engine loads (below 40%), the turbocharger becomes unable to provide the engine cylinders 371 with the required amount of air for combustion due to the limited available exhaust gas energy. Thus, 372 the auxiliary blower is activated to provide the required air flow rate.
373
In the diesel mode, the operating point of the compressor is closer to the surge line when the engine 374 operates at high engine loads (close to 100%) and the turbocharger speed is very close to its maximum 375 value. However, the waste gate opening can prevent a potential turbocharger overspeed. Despite the 376 differences in the turbocharger operation at the two engine operating modes, it can be concluded that which is also reported in [67, 68] . In fact, the NOx emissions for the diesel mode comply with Tier II 389 limits, whereas the Tier III limit requirements are satisfied by the DF [47] . 390 The CO2 emissions in the DF mode are also reduced by 28% in average compared to the diesel mode. 391 This is due to the lower carbon to hydrogen ratio of the natural gas compared to the respective one of the diesel fuel. Noticeable is also the greater reduction of CO2 emissions at high loads where the 393 efficiency difference between the DF and diesel mode is greater. In summary, it can be concluded that The following engine settings changes (from their respective reference values) were considered for each 407 operating point: pilot fuel injection timing (-3, 0 and +3 degrees crank angle (CA)), exhaust valve profile 408 shift (-5, 0 and +5 degrees CA), scavenging air receiver pressure (-5%, 0% and +5%) and compression 409 ratio (-5%, 0% and +5%). In total, 81 different parametric runs at each engine operating point were 410 conducted. 411 However, some slight modifications had to be made to the developed model in order to run the 412 parametric simulation cases. This is owing to the fact that the varying pilot fuel injection timing setting 413 affects the combustion process. Hence, it was assumed that the multi-Wiebe functions employed by the 414 combustion model would only be shifted according to the injection timing taking into account an 415 appropriate ignition delay calculation. 416 The derived results for the 75% load, which include the NOx and CO2 emissions trade-off, the cylinder 417 maximum pressure as well as the cylinder pressure maximum permissible value, are depicted in Fig. 4-418 5. From these figures, it can be inferred that the greatest simultaneous reduction of CO2 and NOx emissions is obtained for the reference value of the pilot fuel injection timing and therefore, it is 420 concluded that this parameter has been optimised by the engine manufacturer. 421 The exhaust valve profile shifting towards later opening/closing results in a longer expansion stroke 422 and a shorter compression period. This leads to a marginally greater engine efficiency and a rise of the 423 in-cylinder temperature, respectively; the latter owing to the increased amount of residual exhaust gases 424 remaining within the cylinder due to less effective scavenging (in comparison with the reference point). 425 Therefore, the CO2 emissions marginally reduce whilst the NOx emissions slightly increase in this case. The boost pressure increase setting, which can be obtained by reducing the waste gate valve opening, 430 results in a greater turbocharger shaft speed and scavenging receiver pressure, which in consequence, 431 provides more trapped air in the engine cylinders (leading to a leaner combustion) and a higher 432 maximum pressure. As a result, both the NOx and CO2 emissions reduce at the expense of a greater air-433 fuel ratio and maximum pressure; the former may result in combustion instability (e.g. misfiring), whereas the latter can lead to greater engine cylinder components mechanical loading and wear or a 435 cylinder pressure above its permissible value. 436 The compression ratio increase results in lower CO2 (i.e. higher efficiency) and greater NOx 437 emissions. This is owing to the fact that an increase in the compression ratio leads to a reduced cylinder 438 clearance volume. Consequently, the in-cylinder pressure increases, resulting in greater piston forces, 439 engine torque and power as well as increased mechanical loading of the engine components. Therefore, 440 increasing the compression ratio improves the engine efficiency and thus, reduces the CO2 emissions. 441 However, the resultant greater in-cylinder pressures and temperatures lead to increased NOx emissions 442 formation. 443 To derive the optimal engine settings, the combined effect of all the investigated model parameters 444 had to be taken into consideration. Furthermore, the estimated knocking probability as well as the 445 maximum permissible cylinder pressure constraints were also taken into account as both knocking and 446 the increased cylinder pressures can jeopardise the engine integrity. The maximum in-cylinder pressure 447 value at 100% load was assumed to be the permissible limit herein, as no information was provided Hence, the only alternative solution in order simultaneously reduce the NOx and CO2 emissions at all 506 engine loads is to set the compression ratio at its reference value. By doing so, the NOx-CO2 emissions 507 trade-off will be in favour of NOx emissions, whilst the CO2 emissions and the engine efficiency will 508 remain approximately unchanged (as shown in Tables 3 and 4) . 509 By considering all the preceding, it can be inferred that an increase of the compression ratio may aid 510 the simultaneous reduction of the NOx and CO2 emissions at all engine loads if the engine could 511 withstand a substantial firing pressure increase at high engine loads. Certainly, these settings cannot be 512 applied yet due to the in-cylinder pressure limitations; however, they shall be regarded as a future option 513 with the evolution of the engine design to operate at higher pressures, which is currently being 
CONCLUSIONS
519
In the present study, a marine two-stroke DF engine was thoroughly investigated by using the GT- and CO2 emissions can be obtained if the compression ratio is increased by 5%. However, this cannot 556 be implemented in the current engine version as the compression ratio increase leads to an increased 557 firing pressure, which the engine cannot withstand. However, the increased compression ratio can be 558 an option for future engine versions, in which higher firing pressure can be achieved  The NOx-CO2 emission trade-off will be in favour of NOx emissions by selecting a set of 560 engine settings where the compression ratio is kept at its reference value.
561
In conclusion, the present study provides the basis for the engine optimisation and the results 562 contributed to the better understanding of the interplay between the engine settings and the performance 563 -emissions parameters. In this respect, the developed model is proved to be a useful tool that can be 564 employed in the design phase for the marine DF engine development. However, it must be noted that 565 an engine optimisation experimental verification is necessary for finalising the optimal engine settings. 
